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Origins of Protein Stability Revealed by Comparing
Crystal Structures of TATA Binding Proteins
as oligomers, where the interactions between mono-
mers are generally important for their high stabilities. In
contrast, TBPs function in their monomeric form, and
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role. Upon interaction with DNA, the structure of TBPsKobe 654-0037
Japan is scarcely altered; instead, the conformation of the DNA
largely changes (see, e.g., Kim et al., 1993).
A number of TBP structures have been determined,
but these are from only two biological groups: a hyper-Summary
thermophilic archaeon with an OGT of 105C, Pyrococ-
cus woesei (DeDecker et al., 1996; Kosa et al., 1997;The crystal structure of TATA binding protein (TBP)
from a mesothermophilic archaeon, Sulfolobus acido- Littlefield et al., 1999), and mesophilic eukaryotes, Homo
sapiens (Nikolov et al., 1996; Juo et al., 1996), Saccharo-caldarius, has been determined at a resolution of 2.0 A˚
with an R factor of 20.9%. By comparing this structure myces cerevisiae (Chasman et al., 1993; Kim et al., 1993),
and Arabidiosis thaliana (Nikolov and Burley, 1994; Pati-with the structures of TBPs from a hyperthermophilic
archaeon and mesophilic eukaryotes, as well as by koglou et al., 1999). While the stability of Pyrococcus
TBP is considerably higher than that of eukaryotic TBPscomparing amino acid sequences of TBPs from arch-
aea, covering a wide range of optimum growth temper- (DeDecker et al., 1996), structural differences between
the two groups may simply reflect their phylogeneticatures, two significant determinants of the stability
of TBP have been identified: increasing the interior differences. In order to define the determinants, struc-
tural characteristics correlating with stability need tohydrophobicity by interaction between three residues,
Val, Leu, and Ile, with further differentiation of the sur- be identified, and for this at least three instances are
required. Here we report determination of the crystalface, and increasing its hydrophilicity and raising the
cost of unfolding. These findings suggest directions structure of another TBP possessing intermediate sta-
bility, thereby filling the gap between the two groups.along which the stability of TBP can be engineered.
This TBP is from the mesothermophilic archaeon Sulfo-
lobus acidocaldarius with an OGT of 75C.Introduction
During diversification of organisms in the past 4000 mil- Results and Discussion
lion years, Nature has selected proteins that function in
extreme environments, e.g., at temperatures exceeding Structure of TBP
The TBP from Sulfolobus acidocaldarius was crystal-100C or under pressures exceeding 100 atmospheres.
Compared with this scale, what has been engineered lized by vapor diffusion, using the sitting drop method
(see, e.g., McPherson, 1999). The 3D structure has beenby humans is essentially limited to semiempirical modifi-
cations of individual protein structures and random mu- determined by the molecular replacement method (Ross-
mann and Blow, 1962; also see reviews, Rossmann,tations in experiments on far smaller scales. Aiming to
learn from the greater scale of Nature’s experiments, 1990; Turkenburg and Dodson, 1996), starting with a 3D
model made using another TBP structure (DeDecker etthis paper examines protein stability by systematically
al., 1996) as a template. In the final model (Figures 1Bcomparing the TATA binding proteins (TBPs) from or-
and 1C) two TBP monomers (residues 5–197 of mono-ganisms adapted to different optimum growth tempera-
mer A and residues 3–191 of monomer B) are combinedtures (OGTs).
in the asymmetric unit with 305 water molecules; PDBThe 3D structures of proteins from thermophiles have
accession code 1MP9.been reported, permitting comparisons with similar pro-
This structure possesses characteristics (Figure 2A)tein structures from mesophiles (see e.g., Lim et al.,
expected for high quality crystal structures in general1997; Yip et al., 1995; Vetriani et al., 1998; and reviews,
(Bra¨nde´n and Jones, 1990; Morris et al., 1992). At aKarshikoff and Ladenstein, 2001; Vieille and Zeikus,
resolution of 2.0 A˚, the R factor is 20.9%. The real-space2001). However, use of TBPs has advantages unseen
R factor (Jones et al., 1991) has confirmed the qualitywith the other proteins. Most of these proteins function
on a residue by residue basis. Over 90% of the main
chain dihedral angles are found in the most favored
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ku, Kobe 650-0047, Japan. the amino acid residues is 0.80 and thus is close to
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Figure 1. The Amino Acid Sequence of TBP from Sulfolobus acidocaldarius, the Ribbon Diagram of its Crystal 3D Structure in the Dimer, and
a Stereo Representation of the Main Chain C Trace of Monomer A
The amino acid sequence of TBP from Sulfolobus acidocaldarius [S.a.] (A), the ribbon diagram of its crystal 3D structure in the dimer (B), and
a Stereo representation of the main chain C trace of monomer A (C). The amino acid sequences of TBP from Pyrococcus woesei (P.w.),
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Figure 2. The Statistics of the Structure De-
termination of Sulfolobus TBP and the Aver-
age Rms Deviations of the Main Chain Coor-
dinates between TBP Structures
The statistics of the structure determination
of Sulfolobus TBP (A) and the average rms
deviations (A˚) of the main chain coordinates
between TBP Structures (B). In (B), values are
classified using a color code. Between two
forms from the same organisms (i.e., the di-
mer form crystallized without DNA [] and
the monomer form with DNA binding []), the
average rms deviation, 1.2 A˚, was smaller
than the average rms deviation, 3.1 A˚, com-
paring TBPs in the same forms but from dif-
ferent organisms. The initial model (I.M.) of
the Sulfolobus TBP is closer to its template,
the Pyrococcus TBP, than to its final struc-
ture. The rms deviation between the initial
model and the final crystal structure calcu-
lated by including the side chain atoms is
2.5 A˚.
1. This new structure is compared with those of other growth temperature (OGT) of the organisms (Figure 3A).
High correlation is found between OGTs and the mid-organisms, all possessing resolutions of 2.6 A˚ or better
and R factors of 22% or higher (Table 1; Figure 2B). unfolding temperatures (Tm) of TBPs, which were deter-
mined by differential scanning calorimetry or circularEach monomer of Sulfolobus TBP is composed of two
similar domains (Figures 1B and 1C). In each domain an dichroic spectroscopy (Figure 3C). The linear (i.e., prod-
uct-moment) correlation coefficient r is 0.86 (Figure 3B), helix (H2) packs against a five-stranded antiparallel 
sheet (S1-S5), clamping another short  helix (H1) at the and the Spearman’s rank correlation coefficient rR is
0.93.edge of the domain. A slight deviation of this structure
from the other TBP structures is that its electron density In general, experimental conditions used for Tm mea-
surements (e.g., type of buffers, pH, and salt concentra-is traced further toward the C terminus (colored green
in monomer A in Figure 1B). In both monomers, residues tions) affect possible aggregation of the protein (see,
e.g., DeDecker et al., 1996). Thus, in this study, Tm188–190 (S7) form an extra  sheet with residues 117–
119 (S6), and in monomer A the C-terminal end (EEEELE) was measured under as wide a range of conditions as
possible, where aggregation was not serious (Figure 3A).is in an extended conformation.
Still, such a set of values only narrows the range of
Tm, and Tm too is dependent on these experimentalStability of TBP
Despite sharing the same architecture, the stability of conditions and thus cannot be uniquely determined.
In many of the following analyses, structural charac-TBP varies considerably and reflects the optimum
Arabidopsis thaliana (A.t.), Saccharomyces cerevisiae (S.c.), and Homo sapiens (H.s.) are shown for comparison (A). Positions commonly
buried inside the proteins are shaded in violet, and those exposed on the surface in blue-green. For the secondary structural elements shown
in (A) and for the ribbon diagram of monomer A in (B), light blue is used for the N domain, yellow for the C domain, brown for the N-terminal
end, and green for the C-terminal end. In monomer B in (B) and in monomer A in (C), every 10 amino acid positions are labeled. In (B), the
side view of monomer A is shown, and its top view is shown in (C).
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Table 1. Crystal Structures of TBPs from Organisms, Possessing Resolutions of 2.6 A˚ or Better and R Factors of 22% or Higher
Number of
Monomers/
Asymmetric Resolution R factor Free R
PDB Code Form Unit (A˚) (%) (%) Reference
Pyrococcus woesei
1PCZ dimer 2 2.2 21.8 30.0 DeDecker et al., 1996
1AIS monomer binding DNA/TFB 1 2.1 21.2 26.8 Kosa et al., 1997
1D3U monomer binding DNA/TFB 1 2.4 20.6 24.5 Littlefield et al., 1999
Sulfolobus
acidocaldarius
1MP9 dimer 2 2.0 20.9 25.4 this study
Homo sapiens
1CDW monomer binding DNA 1 1.9 18.9 25.8 Nikolov et al., 1996
Saccharomyces
cerevisiae
1TBP dimer 2 2.6 21.1 N.D. Chasman et al., 1993
1YTB monomer binding DNA 2 1.8 20.6 26.1 Kim et al., 1993
Arabidopsis
thaliana
1VOK dimer 2 2.1 19.8 N.D. Nikolov and Burley, 1994
1QNE monomer binding DNA 2 1.9 19.3 23.9 Patikoglou et al., 1999
N.D., not determined.
teristics changing in correlation with OGT, rather than the 3 eukaryotic species (Figure 5C), and amino acid
Tm, are analyzed. residues positioned on the surface and those positioned
in the interior were identified. These organisms alto-
Residues Val, Leu, and Ile in the Core gether cover the OGT range 10C–105C. Hydropathy of
Using the crystal coordinates, amino acid positions in residues (Kyte and Doolittle, 1982) was averaged sepa-
TBP have been classified into three types depending rately for those exposed and those buried. This parame-
on their surface accessibility (see Experimental Proce- ter is a measure of both the hydrophobicity (positive
dures). The first is a group of 102 positions generally values) and hydrophilicity (negative values).
exposed to the solvent in all the types of TBPs ana- A high correlation is observed between the average
lyzed—i.e., TBPs of Arabidopsis and yeast, human, Sul- interior hydrophobicity and OGT (Figure 5A). The loga-
folobus, and Pyrococcus (colored blue-green in Figure rithmic correlation coefficient rL is 0.84, and the linear
1A). For a second group of 59 positions, the accessibility correlation coefficient r is 0.71. Another high correlation
is lower and they are more buried inside the protein is found between the average surface hydrophilicity and
core (colored violet in Figure 1A). The exposed/buried OGT (|rL|  0.91, |r|  0.83), increasing differentiation
identification of the remaining 20 positions depends on between the surface and the interior and further raising
the types analyzed (see Experimental Procedures) and the cost of unfolding. These correlations are created by
constitutes the third group. The small size of this group, the whole set of TBPs but not much affected by any
11%, is a reflection of the well conserved architecture particular subgroups; the analysis was repeated multiple
among TBPs. In contrast, other orthologous proteins times using different subsets randomly selected.
often have accumulated numerous small differences like Other observations for Tm are consistent with the
insertion of loops or alternation of turn types (e.g., Lim above findings. The surface hydrophilicity and interior
et al., 1997). hydrophobicity of the TBPs, whose Tm was experimen-
Using these assignments, significant correlation has tally determined, are plotted in Figure 3D, so that along
been identified between OGT and the degree of interac-
diagonal line 1 from top left to bottom right, both charac-
tion between three types of residues, Val, Leu, and Ile,
teristics are enhanced. And Tm is found to increase
all of which are hydrophobic and able to pack tightly
along this line from Arabidopsis (Tm of 60C–73C) to(Figure 4). Inside the N domain the number of pairings
Thermoplasma (Tm of 74C–78C) and Sulfolobus (Tmof these residues (colored red in Figure 4) increases
of 85C), and finally to P. w. (Tm of 97C–109C).from 14–18 in Arabidopsis and yeast, 17 in human, to
Along horizontal line 2 when the internal hydropho-35–37 in Sulfolobus, and finally to 43–47 in Pyrococcus
bicity is increased while keeping the surface hydrophil-(rR  0.94, r  0.99). As is expected for this cooperative
icity nearly constant, Tm increases from Thermoplasmastabilization (Creighton, 1993; Zimm and Bragg, 1959),
(74C–78C) to Sulfolobus (85C) and Pyrococcus OT3the observed unfolding is generally sharper for TBPs
(81C–102C), and finally to half the P. OT3 TBP (89C–having higher Tm (compare 54 and 55 with the rest in
112C)—i.e., the peptide consisting of its N domain only.Figure 3C) and also in the environments that most stabi-
When the surface hydrophilicity is increased while keep-lize particular proteins (compare 21 with 25, and 54 with
ing the interior hydrophobicity nearly constant, along55 in Figure 3C).
the vertical line 3, Tm increases from Thermoplasma
(74C–78C) to P. w. (97C–109C). In this way, Tm ofInterior and Surface Hydropathy
each “natural mutant” can be explained by combiningTaking advantage of the homogeneity in TBP, 34 amino
acid sequences were collected from 23 archaeal and the two types of hydropathy values.
Hydrophobic Stabilization of TBP
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Figure 3. The Tm of TBPs from Various Organisms, Its Correlation with OGT, the Unfolding Rate, and Their Surface Hydrophilicity and Interior
Hydrophobicity
(A) The Tm of TBPs from various organisms. Use of differential scanning calorimetry (DSC), circular dichroism (CD), or both which resulted
in similar observations (D/C), is specified. Values for TBP from Pyrococcus woesei (*) were taken from DeDecker et al., (1996). The numbering
scheme (61, 51, etc.) in (A) is also used in (B) and (C). The mid-unfolding temperature (Tm) of TBP was defined as the temperature at which
50% of the molecules were unfolded, except for very high values, e.g., 102C. Beyond these temperatures, to follow the unfolding process
to the end was difficult, and so the peak DSC values were recorded—indicated, for example, as “ 102C.”
(B) The line of best correlation between Tm and OGT, Tm(C)  0.42  OGT(C)  52, is shown. Here, Tm values of individual TBPs measured
under different conditions were treated as independent instances, tied with the same OGTs. Squares are used for the highest salt conditions
(1 M KCl or 800 mM K-phosphate buffer), and reverse triangles for high salt (250–500 mM KCl), circles for low salt (20–100 mM KCl), and
triangles for no salt in 20–50 mM buffer. Note that in vivo salt concentrations are high in many archaea, and in Pyrococcus it reaches nearly
1 M (see text).
(C) The percentages of protein molecules unfolding at different temperatures determined by differential scanning calorimetry (21, 25, 53, 54)
by subtracting the contribution of proteins, folded and already unfolded, from the heat capacity of the protein solution, or optically (2, 41) by
subtracting the time-dependent background drift from the temperature-dependent change in 	220, and by differentiating the curve with respect
to temperature. For example, of the TBP molecules from Arabidopsis (2), approximately 7% unfold at 60C. The profile is generally sharper
for TBPs having higher Tm (compare 54 and 55 with the rest) and also in the environments that most stabilize particular proteins (compare
21 with 25, and 54 with 55).
(D) Values are expressed in hydropathy scale, and arrows indicate the directions in which the two characteristics are enhanced. Namely, from
top left to bottom right, along diagonal line 1 both characteristics are enhanced, and in correlation Tm increases from Arabidopsis TBP (Tm
of 60C–73C) to Thermoplasma TBP (Tm of 74C–78C) and Sulfolobus TBP (Tm of 85C), and finally to Pyrococcus woesei TBP (Tm of
97C–109C). When the internal hydrophobicity is increased while keeping the surface hydrophilicity nearly constant, along the horizontal line
2, Tm increases from Thermoplasma (74C–78C) to Sulfolobus (85C) and Pyrococcus OT3 (81C–102C), and finally to half the P. OT3 TBP
(89C–112C). When the surface hydrophilicity is increased while keeping the interior hydrophobicity nearly constant, along the vertical line
3, Tm increases from Thermoplasma (74C–78C) to P. w. (97C–109C).
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Figure 4. Network of Val, Leu, and Ile Formed
Inside the N Domain
Part of the  sheet assigned to the C domain
is shown in a copper color on the left. Posi-
tions buried inside the N domain are shown
using the Sulfolobus coordinates in (A). Types
of residues found in Pyrococcus (1PCZ, A
chain) (B), Sulfolobus (1MP9, A chain) (C), and
Arabidopsis (1VOK, A chain) (D) structures are
indicated by color; red for the highly hy-
drophobic residues Val, Leu, and Ile, yellow
for the less hydrophobic residues Phe, Cys,
Met, and Ala, and green for the other hydro-
philic residues. Pairs of residues, Val, Leu, or
Ile, formed between  strands are connected
by red lines, and those connecting the  sheet
with the rest by black lines. Some other con-
nections (e.g., those formed inside the  heli-
ces) are not shown. A disulfide bond formed
between two Cys residues in the Pyrococcus
TBP is indicated by a bold black line in (B).
Difference between the Two Domains philicity of each domain and OGT, and between the
interior hydrophobicity of the N domain and OGT—|rL|By analyzing the two domains separately (Figure 5B),
high correlation was found between the surface hydro- being 0.73–0.86, and |r| being 0.65–0.78. Similarly high
Hydrophobic Stabilization of TBP
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Figure 5. Average Hydropathy (Hp) Calculated for the Whole, N (blue), and C (red) Domains of TBP, Using the Sequences Listed
Average hydropathy (Hp) calculated for the whole (A), N (blue), and C (red) domains (B) of TBP, using the sequences listed (C). In (A) and (B),
the equations best fit to the data are shown inset, and the hydropathy values of individual amino acid residues (Kyte and Doolittle, 1982) are
shown on the right along the ordinates.
correlation was observed when the entries of lower of OGTs higher than 30C. This analysis was repeated
multiple times using different subsets of data, confirm-OGTs were excluded and the analysis was repeated
using entries of OGTs higher than 20C and then those ing the same conclusions.
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Table 2. Structural Parameters Calculated for TBP Structures
Parameter Yeast/Arabidopsis Homo Sulfolobus Pyrococcus rR
N domain
ASA (A˚2) 5568 
 195 5584 6102 
 18 5322 
 104 0.30
Inaccessible atoms (%) 39 
 1 39 32 
 2 40 
 3 0.03
Void volume (A˚3) 2352 
 85 2342 2361 
 6 2220 
 216 0.21
Protein density 0.80 
 0.01 0.80 0.80 
 0.00 0.80 
 0.02 0.35
HpB density (A˚3)  1000 24 
 1 25 30 
 0 31 
 4 0.85
No. H bonds 70 
 3 71 61 
 0 66 
 3 0.48
No. ion pairs 2 
 1 2 1 
 1 3 
 1 0.30
C domain
ASA (A˚2) 5598 
 151 5139 5532 
 80 5523 
 272 0.01
Inaccessible atoms (%) 42 
 1 44 39 
 1 38 
 3 0.65
Void volume (A˚3) 2418 
 116 2411 2490 
 24 2092 
 200 0.56
Protein density 0.80 
 0.01 0.80 0.79 
 0.00 0.81 
 0.02 0.45
HpB density (A˚3)  1000 26 
 1 28 23 
 1 28 
 2 0.04
No. H bonds 65 
 3 66 64 
 1 69 
 7 0.12
No. ion pairs 1 
 1 2 5 
 1 4 
 1 0.77
Average
ASA (A˚2) 5583 
 149 5361 5817 
 49 5422 
 187 0.13
Inaccessible atoms (%) 41 
 1 41 36 
 0 39 
 3 0.22
Void volume (A˚3) 2385 
 97 2377 2425 
 9 2156 
 207 0.47
Protein density 0.80 
 0.01 0.80 0.79 
 0.00 0.81 
 0.02 0.21
HpB density (A˚3)  1000 25 
 1 27 26 
 1 29 
 3 0.77
No. H bonds 68 
 2 69 62 
 0 68 
 2 0.02
No. ion pairs 1 
 0 2 3 
 0 4 
 0 0.96
Interdomain
IAV (A˚3) 149.8 
 21.9 119.6 106.0 
 1.2 87.8 
 27.1 0.85
ASA (A˚2) 927.1 
 39.3 969.7 841.8 
 14.6 827.1 
 8.1 0.85
IAV/ASA (A˚) 0.16 
 0.02 0.12 0.13 
 0.00 0.11 
 0.03 0.65
No. C/S pairs 41 
 5 49 35 
 1 46 
 2 0.07
No. H bonds 8.0 
 1.6 7 8.5 
 0.7 7.8 
 0.5 0.03
No. ion pairs 0.6 
 0.5 1 0.0 
 0.0 0.5 
 0.6 0.36
Dimer
IAV (A˚3) 673 
 13 N.A. 711 552 0.22
ASA (A˚2) 3135 
 306 N.A. 2839 3121 0.22
IAV/ASA (A˚) 0.22 
 0.02 N.A. 0.25 0.18 0.22
No. C/S pairs 216 
 51 N.A. 229 234 0.34
No. H bonds 6.5 
 3.5 N.A. 5 13 0.45
No. ion pairs 0 
 0 N.A. 3 2 0.88
The accessible surface area (ASA), the percentage of inaccessible atoms, the void volume, the protein density, the interface inaccessible
surface area (ASA), and the interface inaccessible volume (IAV) were analyzed using a probe diameter of 2.8 A˚. The void volume was
calculated by subtracting the van der Waals volume from the volume inaccessible to the probe. The protein density was calculated by dividing
the former by the latter. IAV is the difference between the volume of the whole structure (e.g., a TBP monomer) and the total volume of its
components (e.g., the N and C domains), both that are inaccessible to the probe. Ion pairs formed between side chains were identified using
a criterion of 4 A˚. Numbers of hydrogen bonds and those of pairs of C or S atoms of different side chains separated within 5 A˚ between are
listed. The hydrophobic (HpB) density is defined as the number of such C/S pairs buried inside the domains, divided by the van der Waals
volume. The Spearman’s rank correlation coefficients (rR) of these parameters and OGT of the organisms are listed. Human TBP has been
crystallized only in the monomer form; dimer parameters are not applicable (N.A.).
In contrast, the interior hydrophobicity of the C do- mophiles (Lim et al., 1997; Yip et al., 1995; Vetriani et
al., 1998; also see a review, Karshikoff and Ladenstein,main is nearly constant (|rL|  0.15, |r|  0.02), as is the
number of pairs of Val, Leu, or Ile in the C domain in 2001). These proteins function in oligomeric forms, and
many of the ionic interactions bridge monomers on thethe crystal structures, 27 
 3. Thus, the C domain will
cushion the fall of the protein stability at lower OGT, surface. The TBP needs to be stabilized differently, since
it binds to DNA in the monomeric form. Indeed, the Nwhile at higher OGT the N domain will strengthen the
protein structure. This idea of different roles for the two domain alone of Pyrococcus TBP is stable without hav-
ing any interdomainal or intermonomer interactions (seedomains is consistent with the observed stability of the
peptide consisting of the N domain of TBP from Pyro- 101 in Figure 3A).
The numbers of ion pairs formed on the surface ofcoccus sp. OT3, which is higher than that of the whole
protein (compare 101 with 56 in Figure 3A). TBP domains, between domains or between monomers
(Table 2), are all less than five and far smaller than those
noted for the oligomeric proteins (Lim et al., 1997; YipTwo Different Strategies for Stabilizing Proteins
The importance of ionic interactions for stability has et al., 1995; Vetriani et al., 1998). Thus, any significance
of their high correlation to OGT (rR 0.96 for interactionsbeen emphasized by other groups for proteins from ther-
Hydrophobic Stabilization of TBP
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based on only the small number of ion pairs formed
between the two.
Disulfide Bond
A single disulfide bond formed only in the Pyrococcus
TBP among the crystal structures is important for the
increased stability of this TBP (DeDecker et al., 1996).
However, in TBPs from some other hyperthermophiles
of similarly high OGTs, these Cys residues are replaced
by other residues such as Leu or Ile, thereby replacing
the disulfide bond by hydrophobic interactions.
The importance of the hydrophobic component has
been reconfirmed by calculating a new parameter, the
hydrophobic density and its correlation with OGT: rR of
0.85 for the N domain, and 0.77 for the average of the
two domains (Table 2). This parameter is defined as the
number of pairs of C/S atoms buried inside the domain,
divided by the van der Waals volume (see Experimental
Procedures).
Figure 6. Dimer Formation of TBPs from Pyrococcus and Sulfolobus
Dimer formation of TBPs from Pyrococcus ([A], 1PCZ) and Sulfolo-
Possible Engineering of TBPbus ([B], 1MP9). These structures are viewed in the horizontal direc-
Understanding of protein stability will not be completetion in Figure 1B. Colors are used for differentiating the monomers.
without the ability to artificially engineer the stability to
desired temperatures. The hydropathy plots (Figure 5A)
can be used to estimate the expected hydrophobicityon the domain surface, and rR  0.88 for those between
in the interior and the expected hydrophilicity on themonomers) is not clear.
surface. The interior/surface assignment of the aminoMore importantly, TBP becomes more stable at higher
acid positions (Figure 1A) and the classification of resi-salt concentration (Figure 3), where ionic interactions are
dues (Figure 4) allow selecting possible candidate resi-weakened but hydrophobic interactions are stabilized
dues to be replaced or introduced. In this way, the find-(Cantor and Schimmel, 1980; Nandi and Robinson,
ings reported in this paper suggest directions along1972); in Figure 3B, symbols change from triangles to
which the stability of TBP can be engineered.circles and reverse triangles and finally to squares upon
The Tm of 100C is not high enough for survival atincreasing the salt concentration. Indeed, it is assumed
200C, the boiling point of water at a depth of 200 mthat, as is shown by in vitro experiments (Figure 3), the
in the ocean, or 250C, nearly the limit, at a depth ofintrinsic stability of TBPs is further strengthened by high
400 m. To our knowledge, exploration of life survivingin vivo K concentration at high OGTs (Hensel and
such environments has not been reported. It may, inKo¨nig, 1988), reaching nearly 1 M in Pyrococcus (De-
fact, be possible to maintain the TBP structure at tem-Decker et al., 1996).
peratures much higher than 100C by incorporatingIn summary, TBP and oligomeric proteins represent
more Val, Leu, or Ile into its hydrophobic core (Figure 5A).tactics of proteins to adapt to high temperature at differ-
It would be easier to increase its surface hydrophilicity,ent levels, where individual domains are stabilized by
since many types of residues appear to be available.hydrophobic interactions and oligomeric interactions
From another point of view, the observed rate of in-are stabilized by salt bridges. This conclusion has been
crease in Tm of native TBPs is slower than that in OGT,obtained by taking advantage of the simplicity of TBP
and the two approach closely at a temperature ofstructure; TBP functions as a monomer, and it is com-
100C (Figure 3B). But this limitation might be over-posed of only two domains of the same architecture. It
come by remodeling the C domain, which appears todoes not perform any complicated enzymatic function
be less stable.and thus is free from requirements for maintaining it.
This protein binds to DNA, and upon the interaction, the
DNA rather than the protein changes its conformation Experimental Procedures
(see e.g., Tateno et al., 1998).
Expression and Purification of TBPs
Archaeal TBPs were expressed in the E. coli strain BL21(DE3) usingPossible Effects of Dimerization
the pET26b plasmid. By analyzing the TATA and Shine-Dalgarno
The TBPs form dimers when they are crystallized in the sequences, the first codon of the tbp gene from Sulfolobus acido-
absence of DNA (Table 1). The angle between the two caldarius (Japan Collection of Microorganisms code 8929) was as-
signed to ATT for Ile, and an extra ATG codon for Met was addedmonomers in the dimer is largely different between Pyro-
to the upstream end.coccus TBP and the others (Figure 6). This increases
Sulfolobus TBP was purified by ammonium sulfate fractionationthe number of hydrogen bonds formed between the two
(20%–80% saturation at 4C), heat treatment at 65C for 30 min,monomers and decreases the volume between the two
and ion exchange chromatography using Q-sepharose (Pharmacia)
(i.e., interface inaccessible volume, IAV) in the Pyro- with a 0–1 M gradient of KCl. The protein was concentrated using
coccus structure (Table 2). But neither these nor other ultrafiltration to 10 mg/ml in 0.1 M HEPES (pH 7.0) containing 0.6
M KCl. Other archeal TBPs were purified by ion exchange chroma-parameters correlate with OGT, except for the increase
Structure
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tography using ResorseQ or MonoQ (Pharmacia), followed by gel slightly higher than 2; residues 24–26, 55–56, and 96–101. These
are inside loops connecting the two domains or those connectingfiltration using Superdex 75 (Pharmacia).
For expressing Arabidopsis TBP, which was modified to have ten secondary structural elements inside the domains, and thus slightly
higher thermal movements are expected. No systematic deviationextra His at its N terminus, pET16b was used instead. This protein
was purified using a Ni-NTA (Pharmacia) column, and the additional was found in these regions between the model and the density map
in these regions.residues were removed by Factor Xa (Protein Engineering Tech-
nology). Using CNS, the rms deviation of the bond lengths from the ideal
values (Engh and Huber, 1991) was calculated as 0.013 A˚, while
those of bond angles and that of dihedral angles were 1.70 andCrystallization of the Sulfolobus TBP and Diffraction
25.0, respectively. Using the program PROCHECK (Laskowski etData Collection
al., 1993), it has been confirmed that over 90% of the residues haveCrystals (0.2 mm  0.2 mm  0.1 mm) of the Sulfolobus TBP were
dihedral angles inside the “most favored region” (Morris et al., 1992)obtained by vapor diffusion, using the sitting drop method (see,
in the Ramachandran plot (Ramachandran et al., 1963). The ratio ofe.g., McPherson, 1999) at 20C in3 days; 4l of the protein solution
the water molecules to that of the amino acid residues is 0.80 andwas mixed with the same volume of 0.1 M citrate buffer (pH 5.6)
thus is close to 1.containing 1.0 M Li2SO4, 0.75 M ammonium sulfate, 2% 2-propanol,
In summary, this structure possesses characteristics expectedand 30% (v/v) glycerol.
for high quality crystal structures in general (Bra¨nde´n and Jones,These crystals were frozen at 77K using N2 gas. The temperature
1990; Morris et al., 1992). Its coordinates have been deposited inwas maintained at 100K while diffraction was recorded using a
the Protein Data Bank (PDB code 1MP9).synchrotron X-ray source (0.834 A˚ at BL24XU of Spring-8) and an
area detector (R-AXIS IV, Rigaku denki) by the oscillation method
(Bernal, 1926). Reflections were merged and processed using pro- Comparison of Crystal Structures
grams in the CCP4 package (CCP4, 1994). The space group was The coordinates of TBP structures, all possessing resolutions of
determined to P21212 on the basis of the systematic absence of 2.6 A˚ or better and R factors of 22% or higher, were obtained from
reflections (Hahn, 2002). PDB (Table 1). The TBPs from Pyrococcus, yeast, and Arabidopsis
had been crystallized in complexes with DNA, in the monomer form,
Initial Model Building of the Sulfolobus TBP and in the absence of DNA in the dimer form. Human TBP is available
The 3D structure of the TBP was determined using the molecular only in the DNA-bound form, and Sulfolobus TBP only in the dimer
replacement method (Rossmann and Blow, 1962; see also reviews, form. Between the two forms from the same organisms, the average
Rossmann, 1990; Turkenburg and Dodson, 1996). For this determi- rms deviation of 1.18 A˚ was smaller than the average rms deviation
nation an initial 3D model was made for residues 5–185 by using a of 3.06 A˚, when comparing TBPs in the same forms but from different
TBP structure of Pyrococcus woesei (DeDecker et al., 1996) as a organisms (Figure 2B).
template, and improved by energy minimization using the program Except for human TBP, for which a single set of coordinates is
AMBER (Perlman et al., 1994). available, multiple sets of coordinates of monomers in the same or
Two copies of the model were combined into the dimer form as different crystals are available for a given type of TBP (Table 1).
in crystals of another TBP from Arabidopsis thaliana (Nikolov and When analyzing possible correlation of a structural parameter with
Burley, 1994). This dimer model was placed in the asymmetric unit, OGT, variation among sets of Pyrococcus TBP and Sulfolobus TBP
using the program AMore (Navaza, 1994), so that the best R factor was considered by using an average plus and minus a standard
was produced. Then, the R factor was further improved by moving deviation for each type. Because yeast (i.e., 25C) and Arabidopsis
the two domains (residues 5–94 and residues 95–185) of each of (i.e., 22C) have essentially the same OGT, the TBP coordinates of
the two monomers independently, keeping them as four rigid bodies, these organisms were grouped into a single type when calculating
using the program Xplore (Bru¨nger et al., 1987). the average plus and minus a standard variation. A single set of
coordinates of human TBP was used for the analysis.
Refinement of the Sulfolobus TBP Structure
The initial model was refined by iterating automated and manual
Structural Parametersprocesses. In the automated processes, the program CNS (Bru¨nger
The probe diameter (Lee and Richards, 1971) in the program MSRollet al., 1998) and another program REFMAC (Murshudov et al., 1997)
(Connolly, 1993) was fixed at 2.8 A˚ while calculating the accessiblein CCP4 were used, thereby minimizing functions of the R factor
surface area (Lee and Richards, 1971), the percentage of atomsand deviations of bond lengths and angles from ideal values (Engh
inaccessible (DeDecker et al., 1996), the void volume (DeDecker etand Huber, 1991) in combination. The R free factor (Bru¨nger, 1992)
al., 1996), the protein density (DeDecker et al., 1996), and the inter-was monitored using CNS, by masking 5% of the data, in order to
face inaccessible surface area (ASA) (Jones and Thornton, 1996).confirm improvement in these processes.
The void volume was calculated by subtracting the van der WaalsPrograms in the package Uppsala Software Factory (http://xray.
volume from the volume inaccessible to the probe, and the proteinbmc.uu.se/usf) were used for changing the format of coordinate
density was calculated by dividing the former by the latter. Thefiles, depending on the use of CNS or CCP4, in the above and
interface inaccessible volume (IAV) was defined as the differenceother manual processes, where erroneous parts of the model were
between the volume of the whole structure (e.g., a TBP monomer)specified by making (|FO|-|FC|) and (2|FO|-|FC|) maps using CNS and
and the total volume of its components (e.g., the N and C domains),CCP4, and corrected manually using the program O (Jones et al.,
both inaccessible to the probe.1991). When necessary, in particular at early stages, these maps
Ion pairs formed between side chains were identified by thewere made using the “unrestrained” phase calculated using the
method of Barlow and Thornton (1983) using a criterion of 4 A˚.program ARP-wARP (Lamzin and Wilson, 1997).
Hydrogen bonds were identified using the program HBPLUS (Mc-Through the above processes, while the density map was im-
Donald and Thornton, 1994). Pairs of hydrophobic residues, Val,proved stepwise, the termini of the two TBP molecules were further
Leu, or Ile, were identified, which were distanced within 5 A˚ at themodeled and extended, finally covering residues 5–197 in monomer
closest approaches of their side chains. Pairs of C or S atoms ofA and residues 3–191 in monomer B. Also 305 water molecules were
different side chains separated within 5 A˚ were also identified. Theadded stepwise, thereby filling the density higher than 3 in the
hydrophobic density was defined as the number of such C/S pairs|FO|-|FC| map.
buried inside the domain, divided by the van der Waals volume.
Evaluation of the Quality of the Sulfolobus TBP Structure
The R factor of the final model was 20.9% at a resolution of 2.0 A˚ Hydropathy Calculations
Originally, hydropathy was introduced as a measure of hydropho-(Figure 2A). Using the program O, the real-space R factor (Jones et
al., 1991) was calculated for main chains as well as for side chains, bicity (positive values) and hydrophilicity (negative values) of individ-
ual amino acid residues (Kyte and Doolittle, 1982). In this studyresidue by residue. The high quality of the structure was confirmed,
except for three regions in both monomers, where the values were values reported for amino acid residues were averaged for those
Hydrophobic Stabilization of TBP
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of TBPs identified to be exposed and those identified to be buried, software suite for macromolecular structure determination. Acta
Crystallogr. D 54, 905–921.thereby characterizing the hydropathy of higher structures.
Individual amino acid residues were defined as exposed on the Cantor, C.R., and Schimmel, P.R. (1980). Biophysical Chemistry Part
surface when the accessibility of their side chains was 20% or more 1: The Conformation of Biological Macromolecules (San Francisco:
than that of an extended conformation, sandwiched between two Freeman).
Gly. The rest of the residues were found usually in secondary struc- Chasman, D.I., Flaherty, K.M., Sharp, P.A., and Kornberg, R.D.
tural elements, positioned on the sides packing against each other, (1993). Crystal structure of yeast TATA-binding protein and model
and thus identified to be buried. The number of such residues was for interaction with DNA. Proc. Natl. Acad. Sci. USA 90, 8174–8178.
smaller than that identified using a previously used criterion, 5% of
CCP4 (Collaborative Computational Project Number 4). (1994). Thethe entire surface, including the main chain part (Miller et al., 1987).
CCP4 suite: programs for protein crystallography. Acta Crystallogr.Since exposed/buried identifications were not always the same
D 50, 760–763.among the TBP structures, a slight modification was made. When
Connolly, M.L. (1993). The molecular surface package. J. Mol. Graph.inconsistencies were observed at particular positions between TBPs
11, 139–141.of different types—i.e., Arabidopsis and yeast, Sulfolobus or Pyro-
coccus—these were placed into the third group of unclassified posi- Creighton, T.E. (1993). Proteins, 2nd Edition (New York: Freeman).
tions. When exposed/buried identifications of TBPs differed within DeDecker, B.S., O’Brien, R., Fleming, P.J., Geiger, J.H., Jackson,
individual types, identifications were made by using the other types S.P., and Sigler, P.B. (1996). The crystal structure of a hyperther-
of structures only, without using the particular types. In this way, mophilic archaeal TATA-box binding protein. J. Mol. Biol. 264, 1072–
102 positions were identified as exposed to the solvent, 59 positions 1084.
buried inside, and 20 positions were left unclassified.
Engh, R.A., and Huber, R. (1991). Accurate bond and angle parame-
ters for X-ray protein structure refinement. Acta Crystallogr. A 47,
Characterization of the TBP Stability 392–400.
Numbers of protein molecules unfolding at different temperatures
Hahn, T. (2002). International Tables for Crystallography, Volume A:were determined by differential scanning calorimetry (DSC), i.e., by
Space-Group Symmetry (Dordrecht, The Netherlands: Kluwer Aca-subtracting the contribution of proteins, folded and already un-
demic Publishers).folded, from the heat capacity of the protein solution (MicroCal
Hensel, R., and Ko¨nig, H. (1988). Thermoadaptation of methanogenicVP-DSC). Alternatively, the unfolding rate was determined by sub-
bacteria by intracellular ion concentration. FEMS Microbiol. Lett.tracting the time-dependent background drift from the temperature-
49, 75–79.dependent change in 	220 (JASCO J725) and by differentiating the
curve with respect to temperature. Concentrations of the proteins Jones, S., and Thornton, J.M. (1996). Principles of protein-protein
interactions. Proc. Natl. Acad. Sci. USA 93, 13–20.used for the CD measurements were 10 M, and those for the
DSC measurements were 10–25 M. Jones, T.A., Zhou, J.-Y., Cowan, S.W., and Kjeldgaard, M. (1991).
The mid-unfolding temperature (Tm) was determined as the tem- Improved methods for building protein models in electron density
perature at which 50% of the protein molecules were unfolded, maps and the location of errors in these models. Acta Crystallogr.
except for very high values, e.g., 102C. Beyond these temperatures, A 47, 110–119.
following the unfolding process to the end was difficult, and so Juo, Z.S., Chiu, T.K., Leiberman, P.M., Baikalov, I., Berk, A.J., and
the peak DSC values were recorded—indicated, for example, as Dickerson, R.E. (1996). How proteins recognize the TATA box. J.
“102C” in Figure 3A. Mol. Biol. 261, 239–254.
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